Density functional theory calculations using the pseudopotential-plane-wave approach are employed to investigate the structural and magnetic properties of epitaxial CrAs thin films on GaAs͑001͒. Motivated by recent reports of ferromagnetism in this system, we compare zinc-blende CrAs films ͑continuing the lattice structure of the GaAs substrate͒ and CrAs films with a bulklike orthorhombic structure epitaxially matched to three units of the GaAs͑001͒ lattice. We find that even for very thin films with three Cr layers the bulklike crystal structure is energetically more favorable than zinc-blende CrAs on GaAs͑001͒. CrAs films with orthorhombic structure, even if under epitaxial strain, preserve the antiferromagnetic order of CrAs bulk. In the light of our calculations, it appears likely that the magnetic hysteresis loop measured in ultrathin CrAs/GaAs͑001͒ films originates from uncompensated antiferromagnetic moments near the CrAs/GaAs interface. In conclusion, our results do not support earlier proposals that thick CrAs films could be employed as perfectly matched spin-injection electrode on GaAs. 
Spin injection from a ferromagnet into a semiconductor is a major prerequisite for semiconductor spintronics. In recent years it has become clear that the efficiency of spin injection not only depends on the degree of spin polarization in the ferromagnet but the ferromagnet-semiconductor interface also plays a crucial role. Using electrodes fabricated from conventional ferromagnetic ͑FM͒ materials, such as Fe or Co, only a limited amount of spin-polarized current could be injected into GaAs. 1, 2 As possible reasons, the conductivity mismatch in the metal and the ͑doped͒ semiconductor has been discussed 3 but the unsatisfactory results could also be due to technological problems in fabricating high-quality interfaces.
As an alternative, Akinaga et al. 4 suggested to grow CrAs epitaxially, in the zinc-blende ͑ZB͒ structure, on GaAs. As advantages over conventional ferromagnetic electrodes, it has been pointed out that the use of a zinc-blende CrAs layer on GaAs not only avoids ͑possibly detrimental͒ interface states 5 but in addition zinc-blende CrAs is a half-metallic ferromagnet according to DFT calculations, i.e., it offers the highest possible spin polarization of 100%. By growing a superlattice of alternating CrAs and GaAs layers, Akinaga et al. managed to fabricate heterostructures showing ferromagnetic behavior at room temperature. Following this work, several research groups studied epitaxial CrAs films on GaAs, [6] [7] [8] [9] [10] [11] and confirmed the ferromagnetic hysteresis of the samples. The saturation magnetization was found to correspond to about 2 B up to 3 B per Cr atom. However, the remanent magnetization was typically much lower, less than 10% of the saturation magnetization. Transmission electron microscopy ͑TEM͒ images of the samples demonstrated pseudomorphic growth of CrAs on GaAs, and most researchers claimed the formation of zinc-blende CrAs. However, Etgens et al., 12 using in situ reflection-high-energy electron diffraction and grazing-incidence x-ray diffraction ͑GIXD͒ could not find any evidence of the ZB CrAs structure even for a 12 Å thin layer. They attributed the measured roomtemperature ferromagnetic signal in this system to a CrAs phase with orthorhombic structure but different from bulk CrAs.
As bulk material, CrAs forms orthorhombic crystals with the MnP structure that can be envisaged as a ͑simpler͒ NiAstype crystal structure in which Cr atoms are alternately displaced in opposite directions. In this phase, CrAs shows antiferromagnetic ͑AF͒ behavior, and its spin structure has been described as a double helix. 13 Hence, bulk CrAs is not very attractive for spintronics. The use of CrAs for spin injection relies crucially on the modification of its magnetic and/or structural properties in epitaxial films. However, from the theoretical point of view, first-principles studies indicate that ZB binary half metals are rarely stabilized by coherent epitaxy. Xie et al.
14 compared density functional total energies of the bulk 3d transition-metal chalcogenides in ZB and NiAs-type structures and found a rather high energy for the metastable ZB CrAs. Zhao et al. 15 performed a more accurate comparison, taking into account the tetragonal distortion in the films induced by the substrate. They compared the total energies of the tetragonally distorted bulk ZB and the NiAs structure of six binary alloys ͑including CrAs͒ and looked for the critical lattice parameter after which the tetragonally distorted ZB structure becomes more stable. They concluded that there is no such transition in CrAs, and CrSe is the only alloy for which the transition to a ferromagnetic ZB structure is thermodynamically favorable for an epitaxially strained film. These findings cast some doubt on the claimed ZB structure of CrAs films. Moreover, the magnetic moment in half-metallic ZB CrAs is calculated to be 3 B ͑Ref. 16͒ while the values derived from the experimental saturation magnetization are markedly lower.
In the present work, we carry out a theoretical study of CrAs both as distorted bulk material and as thin film on GaAs in order to explore different explanations for the observed ferromagnetic behavior. Epitaxially strained CrAs may possibly retain the MnP or NiAs crystal structure but may change its spin structure to ferromagnetic ordering. Alternatively, both the structural and magnetic order of bulk CrAs might be retained in the films, but the ferromagnetic signal arises due to uncompensated magnetic moments at the interface between GaAs and CrAs.
II. METHOD OF CALCULATION
Our density functional theory ͑DFT͒ calculations were performed by using the plane-wave pseudopotential method implemented in the QUANTUM-ESPRESSO package. 17, 18 In this method the wave functions of valence electrons are expanded into plane waves while the core electrons are treated with the ultrasoft pseudopotential technique. 19 The valence electron shells in Cr, Ga, and As pseudopotentials are 3s 2 3p  6 4s  1 4p  0 3d  5 , 3d  10 4s  2 4p  1 , and 4s  2 4p 3 , respectively. The performance of the pseudopotentials was tested by comparing the results for the bulk structures to all-electron calculations ͑linearized augmented plane wave method 20 ͒. The generalized gradient approximation ͑GGA͒ to the exchangecorrelation potential in form of the Perdew, Burke, and Ernzerhof ͑PBE͒ functional was used in this work. 21 After convergence tests, an energy cutoff of 30 Ry for the planewave expansion and 350 Ry for the Fourier expansion of electron density were selected. The Brillouin zone integrations were performed by using the Marzari-Vanderbilt coldsmearing method, a broadening parameter of 0.02 Ry, and k-point meshes of 4 ϫ 12ϫ 1 and 6 ϫ 12ϫ 1 points for MnPtype CrAs/GaAs and 2 ϫ 1 reconstructed ZB CrAs/GaAs interfaces, respectively. It was verified that these k-point meshes yield total energies with an error of less than 0.1 mRy. All the structures have been optimized to achieve the minimum energy by accurate relaxation of the atomic positions up to the energy accuracy of 0.1 mRy and forces of less than 1 mRy/bohr.
III. BULK CrAs
The stable ͑ground state͒ structure of bulk CrAs is an MnP-type orthorhombic lattice ͑space group Pnma͒ with a double-spiral antiferromagnetic spin structure along the c axis. 13 In this structure, both Mn and As atoms are sitting on the 4c Wyckoff positions: ͑x , Fig. 1 that the MnPtype structure is a slightly distorted NiAs-type structure. Since the distortions in thin films and in bulk could be different, both structures were included in our search for the stable state of the CrAs alloy. In the MnP-type lattice ͑MP͒, compared to NiAs-type ͑NA͒, the Cr2 and Cr3 atoms move toward each other, leading to substantial change in the magnetic state of the system ͑will be shown below͒.
In the MP ground state, CrAs has a noncollinear spin structure in which all Cr magnetic moments are in the xy plane and the angles between them are: ͗Cr1 , Cr2͘ = ͗Cr3 , Cr4͘ = −120°and ͗Cr1 , Cr4͘ = ͗Cr2 , Cr3͘ = 183°. 13 Thus, CrAs shows antiferromagnetic behavior. In this work, we restrict ourselves to collinear magnetic structures, as the energy differences due to noncollinear structures are expected to be small. Approximating all angles by 180°leads to the collinear structure closest to the real ground state of CrAs. In Fig. 2 this structure, called AFh, is shown along with other possible collinear antiferromagnetic states for both the MP and NA crystal structure. In addition to these antiferromagnetic states we have also studied the FM state of MP and NA structures, as well as the AF and FM states of the ZB lattice. In the following, two sets of calculations are performed for all these states: calculations with full structural optimization, and calculations where epitaxial constraints are applied.
In the fully optimized calculations all lattice parameters and internal atomic positions were relaxed to find out the theoretical ground state of the system. By fitting the BirchMurnaghan equation of state to the obtained total energies as a function of volume, structural properties of the systems were determined. The results are listed in Table I . The corresponding energy-volume curves are also shown in Fig. 3 . It is observed from Table I that MP-AFh is the most stable among the states considered. This is in agreement with the experimental ground state. Theoretical lattice constants in this state are also close to the experimental values, indicating small influence of the noncollinear magnetic state of CrAs on its structural parameters. The MP-AFx state does not appear in Table I because this system, during structural relaxation, changes to the NA-AFx state.
Next, we consider bulk structures with epitaxial constraints. In these calculations, the in-plane lattice constants a and b are fixed by the epitaxial match to the GaAs substrate, while c ͑along the surface normal͒ as well as the internal atomic positions are allowed to relax. The optimized values of c, called c ‫ء‬ , and the pertinent cohesive energy values are listed in Table I . In order to find out the appropriate geometrical patterns for matching the CrAs crystal structures to the GaAs͑001͒ surface, we calculated the theoretical lattice parameter of ZB-GaAs within PBE-GGA and found a value of 5.74 Å. Hence, as shown in Fig. 4 , the GaAs͑001͒ surface lattice constant is 5.74/ ͱ 2 = 4.06 Å. The GaAs͑001͒ surface unit-cell area ͑SUA͒, equal to 16.48 Å 2 , is used as the unit of area throughout this paper. The calculated results ͑Table I͒ show that ZB-CrAs has a lattice constant close to GaAs and thus can be matched directly to the GaAs͑001͒ surface unit cell. Therefore, for the lattice-matched ZB-CrAs and ZBCrAs/GaAs͑001͒ interface calculations a ͑1 ϫ 1͒ : ͑1 ϫ 1͒ pattern ͑see Fig. 4͒ was used. On the other hand, the calculated lattice parameters of MP-and NA-CrAs indicate that an appropriate and rather low strain pattern for matching these structures on GaAs͑001͒ is to fit two CrAs͑001͒ surface unit cells on three GaAs͑001͒ surface unit cells ͑Fig. 4͒. This ͑2 ϫ 1͒ : ͑3 ϫ 1͒ pattern was used for lattice-matched MP-and NA-CrAs and MP-CrAs/GaAs͑001͒ interface calculations. There is experimental evidence for the occurrence of this pattern in CrAs/GaAs͑001͒ ͑Ref. 12͒ and MnAs/GaAs͑001͒ ͑Ref. 22͒ heterostructures. We calculated and checked also ͑1 ϫ 1͒ : ͑1 ϫ 1͒ matched MP-and NA-CrAs structures on 
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Experimental Volume GaAs͑001͒ but found they are highly unstable.
Similar to the fully optimized MP-AFx structure, we observe that all MP lattice-matched structures relax to the corresponding NA structure. We found that this is a volume effect ͑Fig. 3, bottom͒: For all magnetic states of MP-CrAs, after increasing the volume, Cr2 moves down vertically toward the plane formed by the Cr1 atoms, and at some point the system undergoes a transition to the NA crystal structure. This structural modification of the lattice-matched systems may explain why Etgens et al. reported a modified orthorhombic structure in their molecular beam epitaxy-grown CrAs thin films on GaAs͑001͒. 12 It is evidenced by the cohesive energies that in both the fully optimized and the lattice-matched structures the ZB phases are metastable and much higher in energy than the MP and NA lattices. The lattice-matched NA-FM state is found to be about 0.7 eV more stable than the latticematched ZB-FM state. Therefore, the ZB structure can only originate from a nonequilibrium growth process. Moreover, we observe that AFh is the most stable magnetic state, even after matching to GaAs͑001͒, and the FM state is 50 meV higher in energy.
It is noteworthy that in the fully optimized MP lattices the FM state is found to be 35 meV higher in energy than the stable AFh state while in the lattice-matched structures this differences rises to 50 meV. Thus we find that the strain induced by the substrate does not facilitate the formation of the FM state but stabilizes the AFh state even more. Before matching, the MP-AFh state is 20 meV more stable than the second-most stable phase ͑NA-AFx͒ while after matching it becomes 43 meV more stable than the next-stable phase ͑NA-AFz͒. Moreover, it is observed that strain is able to even change the order of stability of the magnetic states. As seen from Table I, in the fully optimized lattices, AFx and AFz are the second and the least stable magnetic states, respectively, while this order is reversed after matching.
The ZB phases of CrAs have considerably lower bulk moduli than the MP and NA phases. This finding is attributed to the lower coordination number of the atoms in the ZB structure. If ZB-CrAs films could be stabilized, they will therefore be rather insensitive to strain.
IV. CrAs/GaAs(001) INTERFACE
In this section, we study the properties of the epitaxial orthorhombic MP-and cubic ZB-CrAs thin films on the GaAs͑001͒ substrate, taking the atomic structure of the interface into account. While the above results indicate that thick ZB films will be highly unstable, it is conceivable that the energetics of interface formation counterbalances this trend for films of only a few monolayers in thickness.
It was noted that biaxially strained MP-CrAs relaxes to the NA structure. Hence NA and MP-CrAs thin films relax to the same structure and need not to be considered separately. The MP-CrAs/GaAs͑001͒ interfaces were simulated by using slab supercells consisting of 3 CrAs+ 4 GaAs layers. ͑Lay-ers are counted according to the NiAs structure.͒ The ZBCrAs/GaAs͑001͒ interface was studied in slab supercells comprising 4 CrAs+ 4 GaAs layers. A vacuum thickness of about 10 Å was used in all supercells to prevent interaction between adjacent slabs. The top ͑CrAs surface͒ and bottom ͑GaAs surface͒ layer of the slab consisted of As atoms. The arsenic dangling bonds could give rise to surface states that could affect interface properties. In order to saturate these broken bonds, the As surfaces of GaAs͑001͒ and MPCrAs͑001͒ were passivated by hydrogen atoms. In the case of the ZB-CrAs͑001͒ surface, we tested two different ways to stabilize the surface, either passivation by hydrogen atoms, or dimerization of the surface As atoms, forming a ͑2 ϫ 1͒ reconstruction of ZB-CrAs͑001͒. It is found that the reconstructed ZB thin film is more stable than the hydrogen passivated one.
Next, we discuss the atomic structure of the CrAs-GaAs interface. The experimental growth of this system is usually done under As-rich conditions which favors formation of an interface As layer. 12, 23 Moreover, our test calculations confirm the much higher stability of an As interface layer compared to a Cr-Ga-bonded interface. Adopting the As terminations along with the epitaxial morphology of the interface leads to only one possible structure for ZB-CrAs thin films on GaAs͑001͒ in which Cr atoms continue the Ga sublattice of the substrate. For the MP-CrAs/GaAs͑001͒ interface, we considered four plausible interface structures ͑cf. Fig. 5͒ where the interface As layer results from ͑1͒ As termination of GaAs ͑denoted by suffix As͒, or ͑2͒ and ͑3͒ As terminations of CrAs by one of the two arsenic layers sandwiched between the Cr layers ͑denoted by suffix A1 or A2͒. In A1, the As atoms sit in hollow sites between Ga atoms while in A2 they sit in bridge sites of the interface Ga atoms. ͑4͒ As termination by both As layers of CrAs ͑denoted by suffix AA͒. The concentration of the interface As atoms in A1, A2, As, and AA terminations are 1, 2/3, 2/3, and 4/3 atom/SUA, respectively.
In order to find out the stable structure and magnetic state of the interface, we applied the FM, AFh, AFz, and AFx spin orders to all terminations of MP-CrAs/GaAs͑001͒, and the FM state to the As termination of ZB-CrAs/GaAs͑001͒. The total energies of the different magnetic states of the MPCrAs thin film are plotted in Fig. 6 . It is observed that all interfaces prefer the AFh antiferromagnetic state, consistent with bulk CrAs. It is seen that the second-most stable state in all cases is AFz, while AFx is the least stable state in all studied interface structures. We observe that in the AA termination, the AFz magnetic state has almost the same energy as the stable AFh state, while it has much higher total magnetic moment compared to other antiferromagnetic states ͑Table II͒. Hence it appears likely that a rather small external magnetic field can flip the spin of the interface Cr atoms and thus produce an enhanced magnetization in this system.
Our results about the energetic order of the magnetic states are in contrast to results by Arúajo et al. 24 for freestanding CrAs films. On the basis of all-electron calculations for strained CrAs films with MP structure ͑but without substrate͒, these authors claimed that there is a transition from AF to FM ordering for a film thickness of ϳ24 Å. Thus, CrAs films on a substrate behave clearly different from ͑hy-pothetical͒ free-standing films.
After finding the stable magnetic state of each interface, we compare the stability of different interface structures of CrAs/GaAs͑001͒ in the framework of ab initio atomistic thermodynamics. 25 In this scheme, the film formation energy ␥ per area ͑including both the interface and surface contribution, and strain energy contributions from the interior of the film͒ is used to address the thermodynamic stability of different thin film structures. The free energy ␥ is defined as ␥ = ͓E − ͚ i N i i ͑T , p i ͔͒ / A, where E is the DFT total energy 26 of the slab supercell, after eliminating the energy contribution from the H-passivated GaAs substrate, N i and i are the number and the chemical potential of the ith element, A is the interface area, and i runs over Cr, As, and H atoms. In order to eliminate the energy contribution from the H-passivated GaAs substrate, we calculated the energy of a GaAs slab that is terminated by H atoms on both sides, with fixed As-H bond length. This mirror symmetric slab had twice the number of layers that is used for GaAs substrate beneath the CrAs. Then one half of the total energy of this GaAs slab was subtracted from the CrAs/GaAs slab. For the remaining H atoms at the free As surface of CrAs, H was set to the binding energy per atom of the H 2 molecule ͑4.475 eV͒. 27 Assuming bulk CrAs as thermodynamic reservoir, the following equilibrium condition can be imposed: Cr + As = e b , where e b is the DFT total energy 26 of bulk CrAs. Hence there is only one independent chemical potential in our system, which is selected to be As . The thin-film free energies ␥ calculated in this way are plotted as function of As in Fig. 7 .
It is clearly visible that in the thermodynamically allowed region of the chemical potential 28 the AA-terminated MPCrAs/GaAs͑001͒ film is most stable among the structures investigated, while the ZB-CrAs/GaAs͑001͒ film has the lowest stability among the studied systems. The free energy difference of these two systems in the whole allowed region is more than 0.8 eV/SUA, which is large compared to typical thermal energies during epitaxial growth. Therefore, as already expected from the bulk data, the growth of ZB-CrAs films on GaAs͑001͒ appears unlikely. However, the interface between CrAs and GaAs may not be atomically sharp. This seems plausible when considering that the GaAs͑001͒ substrate used for growth is reconstructed, 29 and shows atomic rows and trenches due to the reconstruction pattern. Then, a one or two-layer thin region of mixed composition Ga 1−x Cr x As may form at the CrAs/GaAs interface, in which Cr atoms are fourfold coordinated as in the ZB structure. We modeled such an intermediate region sandwiched between the GaAs substrate and the MP-CrAs film, choosing values of x =1/ 3, 2/3, and 1. The number of fourfold-coordinated Cr atoms is proportional to x. All these modifications were applied to the AFh state of the AA-terminated MP-CrAs thin films. The magnetic moments of the fourfold-coordinated Cr atoms were all aligned in parallel, while the remaining CrAs layers were kept in the AFh state. The interface free energies of these mixed interfaces are represented by the dashed lines in Fig. 7 . Since all resulting free-energy curves are parallel to each other, it is sufficient to compare them at a fixed value of As . In Fig. 8 , the values of ␥ are plotted as a function of the mixing parameter x, using a value of As = −3.13 eV, i.e., in the middle of the allowed region in Fig. 7 . We observe that a mixing concentration of x =1/ 3 reduces the free energy and thus enhances the stability of the system. Inspection of the magnetic moments ͑Fig. 8, right scale͒ shows that the uncompensated magnetic moments increase with increasing mixing concentration. The mixed interface with x =1/ 3 which is found to be the most stable structure for MP-CrAs/GaAs͑001͒ has a higher uncompensated moment compared to the film with the atomically sharp AA termination. Since in the AA-terminated MPCrAs thin film, the AFz state has a very close energy to the stable AFh state, we calculated the AFz state of the x =1/ 3 intermixed structure. It was observed that the AFz state of this stable mixed interface is about 4 meV/Cr atom ͑16 meV/ SUA͒ less stable than the AFh state and its total uncompensated magnetic moment is about 0.93 B / Cr atom.
The valence electronic structure of the most stable interfaces, the AFh and AFz states of the MP-AA and x =1/ 3 intermixed interfaces, are presented in Fig. 9 . In order to avoid possible complications due to the presence of several atoms at these interfaces, we summed over the partial density of states ͑PDOS͒ of the same chemical species at the interface. For example, the plotted As 4p PDOS in Fig. 9 is the sum of the 4p PDOS of four As atoms at the interfaces. In the case of the mixed interface ͑solid lines͒, the PDOS for both inequivalent Cr atoms is plotted, the smaller one ͑green one͒ corresponding to the fourfold-coordinated Cr atom at the interface. The 4s valence electrons of GaAs do not contribute to the DOS around the Fermi level and hence are omitted in this figure. We observe that the magnetic moments of the sixfold coordinated interface Cr atoms ͑large signals in the top left panel in Fig. 9 , red lines͒ in the AFh state of both interfaces compensate each other and display a nonmagnetic DOS, while the in-plane ferromagnetic order in the AFz states gives rise to a considerable spin polarization at the Fermi level at the interface atoms. The fourfold-coordinated Cr atom in the mixed structure shows almost half-metallic behavior. A pseudogap is observed in the PDOS of the interface Ga atoms which is increased after mixing with the fourfold coordinated Cr atom. The increase in this pseudogap in the intermixed structure could explain the increased stability of this system compared with the ideal AA-terminated interface.
The electronic charge-density contour plots of the ideal MP-AA and x =1/ 3 intermixed interfaces in the ͑010͒ plane are plotted and compared in Fig. 10 . As it is clearly visible and explained in the figure caption, one third of the interface Ga atoms in the x =1/ 3 intermixed interface are replaced with Cr atoms. We observe that the replaced Cr atom makes stronger bond with the neighboring As atom compared with the original gallium atom. This observation may explain the greater stability of the intermixed structure from the bonding point of view.
V. MAGNETIC PROPERTIES
The total and absolute magnetic moments of the ZB-and MP-CrAs thin films extracted from our calculations are given in Table II . The total ͑m t ͒ and absolute ͑m a ͒ magnetic moments are defined as ͐͑͑r͒ ↑ − ͑r͒ ↓ ͒dr and ͉͐͑r͒ ↑ − ͑r͒ ↓ ͉dr, respectively, where ͑r͒ is the electron density and the up/down arrows stand for the majority/minority spin states. In the ferromagnetic state the absolute and total magnetization should be close together, while for ideal antiferromagnetic order m t should vanish.
For all structures considered, the average absolute magnetic moments per Cr atom are in the range of 3.3 B to 3.5 B . However, only in case of the ZB films a sizable total moment of 2.88 B in the magnetic ground state is found. In the films with MP-type structure, the energetically favorable antiparallel alignment of the Cr magnetic moments leads to a small total moment of about 0.1 B per Cr atom for AFh ordering, and about 0.8 B per Cr for AFz ordering. In the latter case, the compensation between the Cr moments of the three Cr layers of the film is not complete. The finite values of m t in antiferromagnetic MP-CrAs films quoted in Table II are attributed to this effect, termed uncompensated magnetic moment in the discussion that follows. Moreover, at mixed interfaces, the magnetic moments of fourfold-coordinated Cr atoms may couple ferromagnetically with one another, thus enhancing the uncompensated moment. The results presented in Fig. 8 indicate that at the most stable interface ͑x =1/ 3͒ the uncompensated magnetic moment is about 0.2 B per Cr atom.
At first sight, it appears that only the ZB structure of the films is compatible with the experimentally observed ferromagnetic hysteresis of the samples. However, we believe that the true atomic structure of the films is not ideal ZB. First, the large energy difference found in our calculations between ZB and the MP ground state makes it unlikely that an ideal, defect-free ZB structure could be stabilized in thin-film growth ͑e.g., due to kinetic constraints͒. However, one has to keep in mind that the DFT-GGA functionals in some cases yield a too high energy difference ͑or even the wrong sign͒ when comparing systems with different atomic coordination and different magnetic ordering, e.g., MnN in rocksalt and ZB structure. 30 This issue must be resolved by future work using improved DFT functionals.
More importantly, the experimental reports are not unanimous. While TEM images have been interpreted as indicating ZB structure in the films, 9-11 a GIXD study concluded that the films have a strained orthorhombic structure. 12, 23 In addition, we argue that ideal ZB CrAs, if at all present in the films, is expected to show a hysteretic signal different from what is actually observed in the experiments: The common and most important feature of all experiments on CrAs thin films on GaAs͑001͒ is the observation of a very narrow, S-shaped hysteresis loop with high saturation magnetization but low remanent magnetization. Inspection of the reported measured data shows that the remanent magnetization is always less than 10% of the saturation magnetization. Such a behavior could be rationalized in three ways: either the external magnetic field is applied in the direction of the hard axis or the system is a weak ferromagnet, or ferromagnetic order exists only in a small part of the system. Since the thin films were magnetized in-plane 10 and one would not expect a strong intrinsic magnetocrystalline anisotropy for a 3d compound such as CrAs, the first explanation, magnetization along a hard axis, is unlikely. Moreover, from a theoretical analysis, one would expect that CrAs in the ZB structures is not a weak ferromagnet. This becomes clear from the strength of the exchange interaction in ZB-CrAs. In the sim- 
Using the calculated energies in Table I for lattice-matched ZB-CrAs, J is estimated to be 15 meV, in good agreement with previous calculations. 31 This nearest-neighbor exchange interaction in ZB-CrAs is one order of magnitude larger than for some strong ferromagnets such as Co 2 MnSi Heusler alloy, 32 although the range of exchange interaction is considerably shorter in ZB-CrAs. 31 Due to this strong exchange interaction, a high Curie temperature of about 1000 K for ZB-CrAs is predicted by first-principles calculations, 33 which has not been confirmed by experiments up to now.
Excluding the first two possible explanations for the shape of the hysteresis loop, we favor the third of the abovementioned possibilities: We attribute the observed narrow hysteresis in thin CrAs films to ferromagnetic order in small, weakly coupled domains, which would lead to an almost superparamagnetic behavior of the samples, as evident from the measured hysteresis.
From these considerations, we arrive at some suggestions for directions of future work. We believe that incomplete compensation of magnetic moments plays an important role in the magnetic phenomena in thin CrAs films and requires further investigations. The total magnetic moments quoted in Table II likely underestimate the magnetization to be expected in real samples. First, the formation of spin spiral structures known for bulk CrAs has been neglected in the present study. Truncation of a spin spiral structure in ultrathin films is an obvious source of noncompensating magnetic moments. Second, the structural complexity of real samples, e.g., due to domain boundaries and interface reconstruction, could further enhance the amount of uncompensated magnetic moments. We note that the GaAs͑001͒ substrate surface is reconstructed. The trench-and-hill pattern of the surface reconstruction could lead to an enhanced intermixing near the CrAs/GaAs interface. As we showed by the results in Fig. 8 , intermixing gives rise to larger total magnetic moments. The possible role of the interface for the magnetic properties is in agreement with the observation of Etgens et al. 12 that the average magnetic moment per Cr atom tends to zero for thicker CrAs films, i.e., the "ferromagnetism" occurs only in the first few layers of CrAs thin films. Likewise, Mosca et al. 23 speculated that the predominant contribution to the magnetism of the CrAs thin films comes from a very thin interface layer. A theoretical description of the interface reconstruction and the spin spiral structure would require large unit cells, leading to a huge computational demand, and lies therefore outside the scope of this work.
Finally, we point out an analogy between the magnetism in CrAs thin films and observations in exchange-bias systems 34 or composite materials made of antiferromagnetic nanoparticles. Already in 1961, Neel predicted that the lack of compensation in small AF nanoparticles may give rise to a weak ferromagnetic behavior. 35 Following his prediction, small magnetic hysteresis loops were observed in some AF nanoparticular systems. 36, 37 Surface enhancement of atomic magnetic moments produces a net magnetization and consequently a weak ferromagnetic hysteresis in the antiferromagnetic nanoparticles. Mørup, in 1985 , suggested a theoretical model to justify that even a small unbalance of magnetic moments of about 0.5% may lead to a measurable ferromagnetic hysteresis in AF nanoparticles. 38 In the present system, three monolayers of MP-CrAs on GaAs͑001͒, the unbalance is much larger, e.g., ϳ6% in the AFh state with mixed interface. Moreover, it is remarkable that the thermoremanent behavior found in some CrAs thin films 23 also shows similarities to observations in nanoparticle systems: field-cooled samples display an increase in magnetization below room temperature while samples cooled in the absence of a magnetic field show only little temperature dependence of their magnetization. This observation could indicate the existence of weakly coupled magnetic domains.
VI. SUMMARY
First-principles calculations using density-functional theory have been performed to study the structural and magnetic properties of bulk CrAs, as well as CrAs thin films on GaAs͑001͒. In the bulk calculations it was found that the bulk ground state, an orthorhombic MnP-type structure with antiferromagnetic spin order, persists even if epitaxial constraints are taken into account. In strained epitaxial films, an analogous structure ͑but without the rumpling in the Cr layers͒ is found to be most stable. It shows layered antiferromagnetism, but with some net magnetization due to incomplete compensation of the Cr magnetic moments. The ferromagnetic zinc-blende structure is considerably higher in energy, and hence is unlikely to be stabilized under epitaxial conditions. We conclude that none of the calculated homogeneous crystalline films matches the experimentally observed ferromagnetic hysteresis. The narrowness of the measured hysteresis loop is suggestive of inhomogeneous samples with uncompensated magnetic moments at the Cr atoms near grain boundaries and near the interface to GaAs. For spintronics applications, these results imply that CrAs is probably not a good material for fabrication of macroscopically thick ferromagnetic layers that could serve as spin injectors. However, since the above conclusions rest on relatively small energy differences, the results are material specific, and other Cr pnictides on semiconductor substrates might perform better in this respect.
